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C\| ' The criteria for chiral doublet bands based on one particle and one hole coupled to a triaxial rotor 

■ have been summarized. Two representative cases in A ~ 100 odd-odd nuclei, nearly degenerate 
AI = 1 doublet bands in 104 Rh and 106 Rh are checked against these chiral criteria. It is shown 
that 106 Rh possesses better chiral geometry than 104 Rh, although the energy near degeneracy is 

■ achieved in 104 Rh in comparison with the constant energy separation of doublet bands in 106 Rh. 

o ' 
o 

(N| ' PACS numbers: 27.60. +j, 21.60.-n, 23.20.Lv, 21.10.Re 

O ' 

o 



X 



*This work is partly supported by the National Natural Science Foundation of China under Grant 
No. 10605001, 10435010, 10221003, and 10505002, the postdoctoral Science Foundation of China No. 
20060390371. 

^e-mail: sqzhang@pku.edu.cn 
•' : e-mail: mengj@pku.edu.cn 



1 



Chirality is a common property in chemistry, biology and particle physics. In nuclear 
ph yS1 c s , PWudorf and Meng Q ported out that the rotation of trivial nuclei u,a y attaiu 
the chiral character and give rise to pairs of identical AI = 1 bands with the same parity 
- chiral doublet bands. Extensive experimental studies have been made to search for such 
bands. So far, candidate chiral doublet bands have beenproposed in quite a number of odd- 



odd nuclei in the A ~ 130 and A ~ 100 mass regions [2, 
However, in none of the reported cases, the genuine degeneracy between the two chiral 
partner bands were observed extended over a certain spin region. In most cases, the energy 
separation between the two partner bands ranges from ~ 200 keV to ~ 400 keV. The 
smallest level degeneracy is observed in 134 Pr and 104 Rh, where the states at spins 15 + and 
17~ are separated in energies 36 keV and 2 keV, respectively. Thus, 134 Pr and 104 Rh have 
been considered as the best examples of chiral rotation in the A ~ 130 and A ~ 100 mass 
regions. However, the recent lifetime experiment for 134 Pr gives different E2 transition rates 
for the partner bands jl4j ]. which is contradictory to the chiral interpretation. 

In the 134 Pr nucleus, as it was already known even before the lifetime measurement that 
the B(M1)/B(E2) ratios were different for the doublet bands, either the B(M1) or B(E2) 
values must be different. In the A ~ 100 mass region, although the lifetime measurement is 
not available yet, the inband B(M1)/ B(E2) ratios have been known for the doublet bands. 
Based on the known B(M1)/ B(E2) ratios, we may deduce whether the B(M1) and B(E2) 
values are same or not for the doublet bands. Thus, it is feasible to examine the existence 
of the chiral nuclei even if the experimental lifetime data are not available yet. In this 
paper, the criteria for chiral rotation will be summarized and discussed, and applied to the 
candidate chiral bands in odd-odd nuclei 104,106 Rh. Compared with the other candidate 



chiral bands 100 Tc 



12J, 106 Ag 



151 ] reported in the A ~ 100 mass region, there are relatively 



rich data in nuclei 104 > 106 ph for the present investigation. 

Recently, based on one particle and one hole coupled to a triaxial rotor, a set of ex- 
perimental signatures have been suggested as fingerprints of nuclear chirality, e.g., see 

finnnnnn 

[11, 13, 121, H6|, 113, Ha, H9(- All these signatures are necessary to identify the ideal chiral 
bands. The first signature is that nearly degenerate levels of the same spin and parity in 
two AI = 1 bands built on the same single-particle configuration. It is the most essential 
consequence of the spontaneous formation of chirality l|. Secondly, the energy staggering 
parameter S(I) = [E(I) — E(I — 1)]/2J, is indicative of the degree of mutual orthogonality 
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of the three vectors involved. For chiral nuclei it has been shown that the S(I) values should 
possess a smooth dependence with spin since the particle and hole orbital angular momenta 
are both perpendicular to the core rotation 9J. Thirdly, due to the restoration of the chiral 
symmetry in the laboratory frame there are phase consequences for the chiral wavefunctions 
resulting in Ml and E2 selection rules which can manifest as B(M1)/B(E2) ratios stag- 
gering as a function of spin [7]. The odd spin values are higher than the even spin values 
for chiral bands built on the configurations Trhn/2 ® ^11/2 i n nuclei with A ~ 130 while it 
is reversed for the irga/z <8> ^11/2 configuration in nuclei with A ~ 100. Another important 
signature on the electromagnetic properties of chiral geometry is that there should be 



similar B(M1) and B(E2) transition strengthes between the chiral partner states 14|, [19]. 



very 



This leads to the expectation that the B(M1)/B(E2) ratios are very similar for the partner 



bands. The fifth signature proposed by Petrache et al [19| is the spin alignments between 
the doublet bands should be very similar. The similar spin alignments of doublet bands is 
the necessary condition for claiming the same single particle configuration. Finally, in an 
ideal chiral symmetry scenario, it is expected that interband B(E2, 1 — > I — 2) transitions 
disappear in the chiral region 161 ]. 

In short, the known criteria for chiral doublet bands to date can be summarized as: (i) the 
nearly degeneracy of doublet bands; (ii) the spin independence of S(I); (iii) the staggering 
of B(M1)/B(E2) ratios, (iv) the identical B(M1) and B(E2) values, (v) identical spin 
alignments, (vi) the vanishing of the interband E2 transitions at high spin region. In the 
following, the candidate chiral bands in 104 Rh and 106 Rh will be examined on the basis of 
the above-mentioned chiral criteria. 

In order to discuss and compare observed partner bands in 104 > 106 Rh U M together 

n n 

with those in 134 Pr [14|, [20J, the excitation energy (upper panel) and the energy staggering 
parameter S(I) = [E(I) -E(I- 1)]/2J (lower panel), the intraband B(M1)/B(E2), and the 
spin alignments for the partner bands are plotted in Figs. 1, 2 and 3, respectively. In fact, 
these figures or data are already available in the literatures ( see the corresponding captions 
for the details ), and they are summarized here again for the convenience of discussions. 
Recent experimental efforts have led to the identification of the doublet bands in 104 Rh 



and 106 Rh [iq] based on the 7r 5 , 9/2 ® vh\\/2 configuration in the 100 mass region. As shown 
in Figs.l (a, d) and 2 (a), the experimental results in 104 Rh show excellent agreement with 
first three chiral criteria which have been previously proposed [9|, namely nearly degen- 
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erate doublet bands, constant S(I) as a function of spin and staggering of B(M1)/B(E2) 
ratios. Furthermore, the small energy separation of the two bands in 104 Rh(~ 2 keV at 
spin 17~) provides the best example of degeneracy. Thus, 104 Rh has been considered as the 
best candidate for chiral nuclei observed until now. However, we note that the intraband 
B(M1)/B(E2) ratios are appreciably different between the two bands. As shown in fig.2(a, 
d), the B(M1)/ B(E2) values for main band are a factor ~ 2 larger than those of side band. 
This clearly fails to meet the fourth criterion. In addition, the alignments of the side band 
are larger by ~2/i than those of main band in a wide frequency interval, as shown in fig. 3 (a). 
In the ideal chiral doublet bands, it is expected that the interband B(E2, 1 — > I — 2) should 
be vanishingly small at high spin. Whereas, the comparable strength of interband and in- 
traband B(E2) transitions is observed for the doublet bands in the whole spin range. These 
can be seen from Fig. 2 of Ref. Qj. These experimental observations do not meet the chiral 
criteria (4), (5) and (6). Thus, it is not in favour for 104 Rh to be considered as a good exam- 
ple of the chirality. In order to further check for the chiral geometry in 104 Rh, the lifetime 
measurements of the doublet bands are highly suggested to be performed. 

The 7rg 9/ / 2 <g> vhn/2 doublet band properties of 106 Rh are shown in figures l(b, e), 2(b) and 
3(b). The energy differences, as shown in figure 1(b), are rather constant around 300 keV up 
to high spin states. The overall S(I) values are close to constant without any clear zig-zag 
pattern for both bands(see figure 1(e)). Compared to 104 Rh, the intraband B(M1)/B(E2) 
ratios for the two bands are close to each other over a large spin range, except for 1=12 h, 
and show odd-even staggering as function of spin. The alignments of the main and side band 
overlap in a wide frequency interval before bandcrossing. These can be seen in Fig.2(b, e) and 
3(b), respectively. In additional, as shown in Fig. 1 of Ref. lOj, none E2 linking transitions 
between main band and side band are observed in the chiral region, which is consistent with 
the ideal chiral geometry. Based on the above arguments, all available experimental results 
on the doublet bands of 106 Rh to date well agreed with the expected chiral criteria. As 
shown in figures 1, 2, 3 and Table I, 106 Rh meets more the ideal chiral criteria than 104 Rh. 
In terms of the consistency with the expected chiral characteristics, the constant energy 
separation in doublet bands of 106 Rh possesses better chiral geometry than the achieving 
energy degeneracy in doublet bands of 104 Rh. It is consistent with the potential energy 



surface 



10J and microscopic relativistic mean field |2lJ] calculations. These calculations 
indicate that 106 Rh could provide a better example of chiral geometry than that found in 
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104 Rh, since the triaxial minimum for the vr^g / 2 <8> ^11/2 configuration in 106 Rh is predicted 
to be much closer to 30° than in 104 Rh. Moreover, the present analysis further indicates 
that the achieving energy degeneracy is not necessarily indicative of a better chiral bands 
than the constant energy separation of doublet bands. In an ideal chiral symmetry scenario, 
the doublet bands are expected to be degenerate over a certain spin range. However, the 
nucleus is seldom an ideal system, and the actual situation is expected to be considerably 
more complicated and dynamic. The constant energy separation in the certain spin region 
can be understood as that there is the constant barrier of quantum tunnelling between the 
left and right handed systems. 

Most of the experimental results, on which the doublet bands in 104 Rh are not consistent 
with the chiral geometry, are also present in the doublet bands of 134 Pr. These common 
features can be summarized as following: (1), the B(M1)/B(E2) ratios in the side band are 
apparently larger than that in the main band at the whole spin region. (2), The alignments 
of the side band are larger by ~2^, than those of the main band in a wide frequency interval. 
(3), The nonzero values of interband B(E2, 1 — > / — 2) is observed in the whole spin region. 
On the other hand, a notable phenomenon is that the E(I) plots of the doublet bands in 
104 Rh and 134 Pr exhibit very similar shapes, seen from Fig. 1 (a, c). The similar relative 
energy displacement, the alignments and electromagnetic properties observed in 104 Rh and 
i34p r irxiplies similar underlying mechanisms for the band doublings in the two nuclei. 

In Ref. [3], the measured B(E2) values within the doublet bands in 134 Pr are not identical 
while the corresponding B(M1) values have a similar behaviour within the experimental 
uncertainties. So the difference of intraband B(M1)/B(E2) ratios may be only attributed 
to the difference of B(E2) values. Similar to 134 Pr, if only the B(E2) values difference are 
taken into account for offering the intraband B(M1)/B(E2) ratios difference within the two 
bands in 104 Rh, we can obtain that the B(E2) values for main band are a factor 2 larger 
than those of side band, since the identical B (Ml) strengths is assumed. In the rotational 
model 22j, the B(E2) values can be related to the transition quadrupole moments: 

B(E2; UK -> I f K) = -^-e 2 Ql(IiK20\IfK) 2 (1) 

107T 

Therefore, Qo, ma i n /Qo,side — 1-4 can be obtained for the doublet bands in 104 Rh. It indicates 
that the shapes of nearly degeneracy doublet bands are very different. Thus the shape 
coexistence may be suggested for two bands having the same orbital configuration. In order 
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to clarify the mechanism for the partner bands, further theoretical and experimental studies 
are necessary, such as the lifetime measurement. 

In summary, The criteria for chiral doublet bands based on one particle and one hole 
coupled to a triaxial rotor have been summarized. The experimental features of the doublet 
bands in two representative cases in A ~ 100 mass region, 104 Rh and 106 Rh are checked 
against the configuration-independent chiral criteria. The present analysis indicates that 
106 Rh possesses better chiral geometry than 104 Rh, although the energy near degeneracy is 
achieved in 104 Rh in comparison with the constant energy separation of doublet bands in 
106 Rh. 
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FIG. 1: Excitation energies relative to a rigid-rotor reference (upper panel) and S(I) values vs spin 
'or the partner bands in 104 Rh, 106 Rh and 134 Pr. The data are respectively from Ref. [lo| and 
I4J]. The J parameters are evaluated from the relation J = 0.007 x (^) 5 ^ 3 MeV. 

TABLE I: Check for the chiral geometry in 104 Rh , 106 Rh and 134 Pr with the ideal chiral criteria. 
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Nearly degeneracy doublet bands 
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V 
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S(I) independent of spin 
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B(Ml)/B{E2) staggering 


V 
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X 


Identical spin alignments 
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FIG. 2: The intraband B(M1)/B(E2) (upper panel) and ratio of B(M1)/B(E2 
partner bands in i 04 . 106 ]^. anc [ 134 Pr. The data are respectively from Ref. j|, 10(] 
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FIG. 3: Rotational alignments for the doublet bands in 104 Rh, 106 Rh and 134 Pr. Circles denote 

Q □ 

the main bands, triangles denote the side bands. The data are respectively from Ref. [9(, [1(| and 
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